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ABSTRACT 

Addition of the natural gangliosides monosiaJoganglioside 
(GM1), disiaioganglioside. trlsialoganglioslde. or tetrasiaJogan- 
glioside in the range of 10 to 100 /xM, but not aslaloganglioside 
lacking the sialic acid moiety, attenuated cortical neuronal ap- 
optosis Induced by serum deprivation, ionomycin, or cyclo- 
sporin A but not by protein kinase inhibitors (staurosporlne, 
genlstein. lavendustin A, or herbimycin A). Coaddition of 100 
nM wonmannin, a selective inhibitor of phosphattdyllnosltol 
3-kinase, but not 1 /iM Go6976, a selective protein kinase C 
inhibitor, blocked the neuroprotective effect of GMl . In contrast 



to its antiapoptotlc effect, GM1 at up to 200 >iM did not atten- 
uate cortical neuronal necrosis induced by exposure to the 
excitotoxins A/-merthyl-D-aspartate or kainate. Furthermore. 
GM1 increased the necrosis induced by oxidative stress (addi- 
tion of Fe 2 * or buthionine sulfoximine). These data suggest that 
neuroprotective effects of natural gangliosides may preferen- 
tially reflect reduction of neuronal apoptosis rather than necro- 
sis, and be mediated through mechanisms Involving activation 
of phosphaiidytinositol 3-kinase. 



There has been interest in the ability of the Datura] gan- 
gliosides monosialogranglioside (GMl), disialogangliosides 
(GDla, GDlb), and trisialoganglioside (GTlb) to protect cen- 
tral neurons from death induced by a variety of insults. GMl 
attenuates neuronal degeneration induced by hippocampal 
or cortical aspiration (Sofroniew et a).. 1986; Sabel et al., 
1938), exposure to l-methyl^phenyl-l^^^-teb-aiydropyri- 
dine (Haoj icons tantinou and Neff, 1988; Schneider et a].. 
1992), or ischemia (Seren etal., 1990). In vitro, GMl or GTlb 
attenuates axcitotoxic neuronal death (Vaccarino et a]., 1987; 
Dawson et al., 1995), and enhances the survival of sympa- 
thetic neurons and PC12 cells ^nved^fnej^ fec- 

suggested to underlie the neuroprotective effects of ganglio- 
sides, including inhibition of protein kinase C (PKC) trans- 
location (Vaccarino et al., 1987), inhibition of nitric ocrido 
synthase (Daweon et al.. 1995), and phosphorylation of the 
ncrvo growth factor receptor Trk (Ferrari et al., 1995; Rabin 
and Mocchetti, 1995). 



Previous studies of the neuroprotective effects of natural 
gangliosides largely precede field attention to the nature of 
neuronal death under study, necrosis versus apoptosis. Apo- 
ptosis was originally recognised by the marked condensation 
of cytoplasm and nucleus during physiological and patholog- 
ical processes (Kerr ct al., 1972). Internucleosomal DNA frag- 
mentation (DNA ladders) and death depending on protein 
synthesis have been coined as functional features of apopto- 
sis (Wyllie et al., 1984). Target or growth factor deprivation is 
highly likely to cause neuronal apoptosis. However ischemia, 
excitotoxicity, or oxidative stress may induce either necrosis 
or apoptosis, depending on the system used, and variables 
such ae developmental age or insult intensity (Johnson et al., 
1998; Gwag et al., 1999). 

This distinction between necrosis versus apoptosis might 
be important to make, as these different deaths exhibit dif- 
ferent responses to pharmacological intervention. For exam- 
ple, neurotrophic attenuate neuronal apoptosis, but poten- 
tiate several forme of necrosis arising from oxygen-glucose 
deprivation. //-methyl-D- aspartate (NMDA) treatment, or ox- 
idative stress (Gwag et al., 1995; Koh et al., 1996a; Park et 
el,, 1998). 

We set out to test whether gangliosides would reduce cor- 
tical neuronal necrosis and apoptosis equally, using a culture 
system where we have previously established paradigms for 
inducing each type of death: 1) serum deprivation, ionomy- 
cin, or cyclosporin A t inducing neuronal apoptosis associated 
with cell body shrinkage, aggregation, and condensation or 

C - 3 « \ ^ ,na,a, °9 en 9 ,,0 *<* 1 * NMOA, A/-mrfhyl-c^ 3P artate; PI3-K, phosphatidyKnositol 3-kinaae; PKC protein 

k.naso C. MEM, rn.nimum essential medium; OIV, days in vitro; LDH. lactate dehydrogenase. P 
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nuclear chromatin, and prevented by inhibitors of protein 
synthesis or caspase; and 2) exposure to excitotoxins or oxi- 
dative stress, inducing neuronal necrosis associated with 
early swelling of cell body and mitochondria, and insensitiv- 
ity to inhibitors of protein synthesis or caspase (Gottron et 
al., 1997; Gwag et al, 1997). An abstract has appeared (Ryu 
et al.. 1996). J 



Materials and Methods 

Cell Cultures 

Mouse cortical cell cultures were prepared &o described previously 
(Choi, 1987). Neocorticea of 14- or 15-day-old fetal mice were disso- 
ciated, plated on a poly-n-lysine- and laminin<oaUd 24-well plate at 
a density of four hemispheres per plate (approximately 5 x 10< colla 
in each well), in minimum essential modi am (MEM, Earle's salts) 
supplemented with 5* horse scrum, 6% fetal bovine serum, 21 mM 
glucose, and 2 mM glutamine. The plates were then maintained up 
to 7 to 15 days in a humidified incubator with 6% CO* at 37X For 
eoculturefl of neurons and glia, proliferation of non-nouronal cells 
was halted by exposing cultures to 10 mM cytosine arabinofuranoside 
at 7 to 9 days in vitro (DIV 7-9) for 2 to 3 days. Cultuxea were then 
shifted into a growth medium identical with the plating media, but 
lacking fetal bovine serum. For neuron-rich cortical eulturos, ryto- 
amc ftrabinofuranoaide (final concentration, 2.5 M M) was added to 
cultures at DIV 3. 

Assay of trk Phosphorylation 

The trk phosphorylation aaaay was performed as described previ- 
ous y except for minor modifications for the cell culture experiment 
(Holtzman et al.. 1996). Neuron-rich cell cultures (DIV 7) were ex- 
posed to 100 ng/ml brain-derived neurotrophic factor (BDNF) or 50 
MM GMl for the indicated pointa of time. Cultures were then lyaed in 
lyfius buffer containing 50 mM Tris. pH 7.5, 1% NP-40 0 1% SDS 
0.6% deoxycholic acid. 160 mM NaCl. 2 mM phenylm ethyls ulfoayi 
(luondo, 100 Mg/ml leupeptin, and 0.5 mM Ne^VO* Protein concen- 
tration was determined uaing tho protein assay kit (Dc protein assay 
Bio-Rod Lnboratoriea, Inc., Richmond. CA) and 600 ng protein ex' 
tract for oach condition was immunoprecipitated with 5 ^ pan -Trk 
antibody (Santa Cruz Biotechnologies, Santa Cruz, CA). Precipitates 
were collected with protein A-sopharoae, washed in lyaia buffer 
subjected to electrophoresis on a 6% SDS -polya cry 1 amide gel and 
transferred to a nitrocellulose membrane. The trk tyrosine phosphor- 
ylahon wa* detected using: 4G10, a phoephotyroeinc antibody (UBI 
Lake Placid NY), and an enhanced chomiluminescenco system 
(ECL, Amereharn, UK). 

Induction of Neuronal Death 

Apoptosis. In neuron-rich (>95%) cortical eulturea (DIV 7) $o- 
T^to^T^ t™*™** wideAproad neuron*! apoptosis (Gwag et 
ai., 1997). In brief, neuron -rich cortical cultures (DIV 7) were de- 
prived of serum for 24 h by placing eulturea in MEM supplemented 
w w mM elUCOBe and 1 *** MK-801, a selective NMDA antago- 
nist. MK-801 was included in all experimental conditiona inducW 
the scrum control to prevent the NMDA neurotoxicity that often 
occurs wuh scrum, presumably due to glutamate in the serum 

In cocultures of nourona and gl.a (DTV 10-15) where n corona 
survive well against eerum deprivation, neuronal apoptoaia wae ; n . 
duced by continuous exposure to 250 nM ionomycin, a selective 
calcium lonophoxe, or 20 cyclosporin A, a specific inhibitor of 
sonneAnreonme protein phosphatase 2B as reported previously (Mc- 
Donald et al.. 1998; Gwag et al., 1999), 100 nM staurosporine 100 
MM genistein 10 lavenduatin A, or 3 M M hcrbimyrin A in MEM 
eupplemcnted with 21 mM glucose. Treatment with oach of these 
protem kinase inhibitor* was shown to produce apoptosis of cortical 
neurons (Koh et el, 1995b; Bchroos et a)., 1995). 
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Exoitotoxlclty. For fast oxeitotoxicity, cocultures of nourona and 
glia (DIV 12-14) were exposed to 300 M M NMDA for 10 min in 
KEPES controlled salt solution: 120 mM NaCl, 64 mM KC1, 0.8 mM 
MgCla, 1.8 mM CaCl*. 15 mM glucose, 20 mM HEPES. 10 mM 
NaOH, and 0.5% phenol red, as reported previously (Koh et al., 
1995a). To trigger relatively slow exci to toxicity, cocultures of neu' 
rona and glia (DIV 12-14) were exposed to 15 /xM NMDA or 40 M M 
kainate for 24 h in MEM supplemented with 21 mM glucose (Gwap 
et al.. 1987). b 

Oxidative Stress. Cocultures of neurons and glia (DIV 12-14) 
were exposed to 30 FeCL or 1 mM buthionino sulfoximine (BSO) 
for 24 h in MEM supplemented with 21 mM glucose. This treatment 
produces mild oxidative neuronal necrosis over 24 h (Gwap ct al 
1995). 

Analysis of Neuronal Daath 

For DNA etaining, eulturos were incubated m 0.5 txg/m} propidium 
iodide and examined under rhodamine filter. Neuronal death was 
analyzed by measuring efflux of lartate dehydrogenase (LDH) into 
the bathing medium 24 h later as reported previously, wjih tho 
exception of serum deprivation-induced npoptosia where LDH assay 
wee avoided due to high levob of LDH in serum (Koh ct id., I995sj. 
Neuronal loss after eerum deprivation was analyzed 24 h later by 
counting viabio neurons with normal cell body and processes after 
staining with hemaroxylin-eoein Y. which correlates well with the 
trypan blue exclusion method. 



Reagents 

All gangliosides were donated by Fidia (Italy). NMDA and MK-801 
were purchased from Research Biochcmicob, Inc. (NatieJc, MA) 
Wortmannin. genistein, lavendufltin A, hcrbimycin A, and Go6976 
were purchased from Calbiochom (San Diego. CA). Kainate, BSO, 
FeCl 3f cycloheximide, cytosinc urabinoruranoside. cycloeporin A and 
stauroeporine were purchased from Sigron (St. Louis. MO). BDNF 
was purchased from Poprotec (London, UK). 

Results 

Gangliosides Attenuate Neuronal Apoptosis: Depen- 
dence on Activity of Tyrosine Kinase. Nouron-rich corti- 
cal cultures (DIV 7-8) deprived of serum underwent apopto- 
sis characterized by cell body shrinkage, chromatin 
condensation, and cycloheximide sensitivity (Gwag et al., 
1997; Fig. 1, A-D). Continuous inclusion of 10 to 100 pM 
GMl attenuated eerum deprivation-induced neuronal cell 
apoptosis in a dose-dependent manner (Fig. IE). Inclusion of 
10 to 100 uJvl GDla, 10 M M GTlb, or 10 to trasi slogan- 
glioside (GQlb), but not 10 aeialoganglioside, also pro- 
tected cortical neurons against serum deprivation-induced 
apoptosis (Table 1). Treatment with 50 uM GMl additionally 
attenuated neuronal apoptosis induced by 24-h exposure of 
DIV 10-12 cultures to 20 uM cyclosporin A or 250 nM iono- 
mycin (Fig. 2E-I) that was blocked by addition of 1 M g/m] 
cycloheximide as previously reported (Mcdonald et al 1996- 
Gwnget a)., 1999). 

In contrast with its protective efTecta against several forms 
of apoptosis, 50 uM GMl did not protect neurons in cocul- 
tures of neurons and glia (DIV 10-12) from undergoing ap- 
optosis induced by 24-h exposure to 100 nM staurosporine 
(Koh et ah, 1995b) t or the tyrosine kinase inhibitors CBehrens 
et al., 1995), 100 M M genistein. 10 M M lavondustin A, or 3 mM 
herbimycin A (Fig. 21). All of these deaths were also charac- 
terized by early cell body shrinkage, chromatin condensation, 
and aenflitivity to cydoheximidc (Fig. 2. A-D and I). 
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Attenuation of Neuronal Apoptosio by Gangliosides 613 
TABLE 1 

Neuroprotective effect of ganglioaidei against scrum deprivation- 
Induced neuronal doatb 

Kourotv-rich cortical cuJIutm (DIV 7) were deprived ef e«mm. aJoctB «rum deprivo. 
bon. or in tha prtu«nc» of 1 *dti\\ cyclob«iimdc (CHX). Smior culture wen expuoed 
U> Mruni dtiprivHUoc. in ike presence of th» indicated eoutetilnitiona of GDI a, GTlb 
GQlb. or fujialocsncKofllde. Viabl* oooruiiii were counted 24 h latar ftAac alainiofc- 
Willi henml^lin-coiin, mean = S.E.M (n - 16 Gelda randomly choimn in four 
cultUM wftUfl p«r condition). acaJed to the mtnn number of Surviving «Jla incubated 
in scrum <anumvine medium (0% eeuxon«J dcotK). 



Coodi Liens 


■ Neuronal Death 


Serum deprivation 


63 i 3 


+ CHX 


13 ± 5* 


♦ GDla 




10 


3fl ± 3* 


100 mM 


39 r 4* 


+ GTlb. 10 tiM 


38^ 3* 


+ G^lb. 10 M M 


31 r 4* 


+ oGMl. 10 >iM 


M r: 4 



•Moon = S.E, indicates simJCcaul difference frr»m »omm deprivaUoo atf < OS 
uftidr ANOVa uod Studont-Nswnian-KeuJa* Usat. 
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Fl f \' Natural g*n*lioatdeB attenuate a po ptosis of cortical neunmu de- 
prived of aerum. Bright field photomicroirraphB of hem ataxy! in .coein- 
stained cortical neurona (DJV 8) maintained for 24 h in eoram-contalnln* 
media (JO, *c rum free media CB), scrum -free media containing 1 ug/m\ 
cyctohe*iinide (C), or sorura-free media containing 60 GMl (D) 
Arrows point to ahrunken, dogenerating neurone. Bar. 60 ^jn E iielor 
cultures were deprived of »orum. alone serum deprivation or in tho 
prc*cnca of indicated concentrations of GMl. Neuronal death was os- 
Mtted by counting viable nourona 24 b later after tho onset of serum 
deprivation, using hematoxylin-eoain staining, mean r S.E.M (a = 16 
fields randomly choton in four culture wells per condition), In comparison 
w,m the number of neurons incubatad in serum containing medium (0* 
neuronal death). « indicates significant difference from 8c rum -free con- 
ditto* at P < .05. u&ing ANOVA and Student-Newma^aCcuIs' test. 

Neuroprotective Action of GMl Differs from That of 
Neurotrophic The possibility that ganglioeide blockade of 
serum deprivation-induced apoptoais was mediated by sig- 
naling pathways common to thoee activated by neurotro- 
phins was considered. As reported previously (Ghosh et al, 
1994; Koh ot al., 1995a), addition of 100 ng/ml BDNT pro* 
tected cortical neurons from apoptoaia induced by serum 
deprivation. This exposure to BDNF was associated with 
rapid phosphorylation of Trk B within 16 min (Fig. 3). How- 
ever, Trk phosphorylation (as revealed by a pan Trk anti- 
body) was not observed over 3 h after exposure to 60 >tM GMl 
(Fig. 3). Furthermore, the neuroprotective effect of BDNF, 
but not GMl, waa blocked by inclusion of 1 M M Go 6976, an* 



agent known to inhibit PKC o, 01, and y (Martiny-Baron et 
al., 1993; Fig. 4). Addition of 100 nM wortmannin, a selective 
inhibitor of phosphatidylinositol 3 -kinase (PI3-K; Arcaro and 
Wymann, 1993) lacked intrinsic neurotoxicity but reversed 
the neuroprotective effect of GMl while not affecting that of 
BDNF (Fig. 4). 

GMl Does Not Attenuate Excitotoxic Neuronal Ne- 
crosis in Cortical Cell Cultures. Cortical neurons in our 
cultures exposed to NMDA or kainate die predominantly via 
necrosis, characterized by prominent early cell body swelling 
and insensitivity to antiapoptosie agents such as cyclohexi- 
mide, caepase inhibitors, and growth factors (Gwag et al., 
1997; Gottron et al., 1997). A 2-h pretreatment or cotreat- 
ment with 50 to 200 jaM GMl did not influence the rapidly 
triggered excitotoxic necrosis induced by 10-min exposure to 
300 >tM NMDA, or the slowly triggered excitotoxic necrosis 
induced by 24-h exposure to 15 NMDA or 40 uM kainate 
(Table 2). 

GMl Potentiates Oxidative Neuronal Necrosis. Cor- 
tical or striatal ceU cultures exposed to 30 yuM Fe 2 " devel- 
oped widespread neuronal necrosis characterized by promi- 
nent cell body swelling and insensitivity to cycloheximide 
(Gwag et al., 1996; Park et al, 1998). The Fe 2 *-induced 
neuronal necrosis was not attenuated by 24-h pretreatment 
or ootreatment with 10 to 100 M M GMl (data not shown). 
Rather, cotreatment with 50 pM GMl potentiated submaxi- 
mally induced oxidative neuronal death 24-h after exposure 
to 30 uM Fe 2+ or 1 mM BSO (Table 2). Cotreatment with 10 
or 50 /jJVJ GTlb also potentiated Fe a ""-induced neuronal 
death (data not shown). 

Discussion 

The major finding of the present study is that the protec- 
tive effect of gangliosides on cortical neurons was selective 
for certain forrnB of apoptosie* induced by serum deprivation, 
ionomycin, or cyclosporin A, and did not extend to the neu- 
ronal necrosis induced by excitotoxic (Csemansky et al., 
1994; Gwag at el., 1997) or oxidative (Gwag et al., 1995; Park 
et al., 1998) insults. Rather, GMl exposure enhanced oxida- 
tive neuronal death, a surprising observation in view of the 
known direct antioxidant activity of gangliosides (Tyurin et 
al., 1992: Maulik et al., 1993). 
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Furthermore, the antiapoptoeia effects of GMl did not ex- 
tend to apoptosifl induced by eeveral tyrosine kinase inhibi. 
tors. Additional study will be necessary to determine 
whether gangliosids neuroprotection ia truly specific for cer- 



tain forms of programmed cell death, or whether, probably 
more likely, gangliosides failed to block apoptosia induced by 
tyrosine kinase inhibitors because those inhibi tore interfere 
with the transduction of ganglioside signaling. 
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Fig. 8. Lack of Trk phosphorylation after the addition of GMl canglio- 
stdefl in corfacaJ cell cultures. An tmmunoblot labeled wilh 4G10 against 
phosphotyrOTine Treatment with 50 mM GMl for 10 to 180 rain did not 
JIS?Sr C S, ,yT ? 0,ne P^Phorylatioc of the Trks in neuxoo-rieh cell cultures 
(DIV 7) whereas addition of 100 ng/m] BDNT did induce Trk phosphor- 
ylation IS in in later. 
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SD CMX won Co alone +wort +Go alone -*vrtm •Go 
IGM1). 60 nM [0ONFX 100ng/ml 

Pig. 4. Involvement of PI3-K for tho aatiapoptosia action of GMl Neu- 
ron- ? ch cortical culture.. (DIV 7) were deprived of serum, a] one (serum 
co?? V rr T ^ i th ??"" ne * ° f 1 Cycloheiimlde fCHX). 1 mM Co 

6976 (Go) or 100 nM wortmannln (wort). During aerum deprivation 
enter culture* were added with 50 ?M GMl or 100 cg/ml BDNF, clone or' 
m the prewDce of 1 mM Go 6976 (+Oo) or 100 nM wortmannin < +wort). 
Neuronal death was anajyted 24 h later as deecribed In tho lowmd to Fiff 
1. mean * S.E.M (a - 4 culture well, for condition). • significant redut 
SSJ?? Be ~™ de P™. VBl ««». 'eignrficant dirfexnee from GMl alone or 
BI)MF ttlocQ . ^ P < OS, u»in e ANO VA and Scudent-Nawman-Keu^' teet 

The transduction of the antiapoptotic effect of GMl ap- 
t peered to be at least partly difTerent from that of BDNF. GMl 
neuroprotection, unlike BDNF neuroprotection, was not as- 
sociated with trk phosphorylation, not blocked by the PKC 
inhibitor Go 6976 (Gwag and Choi, 1996), and was blocked by 
nontoxic exposure to the putative selective PI3-K inhibitor, 
wortmajxoin. This conclusion is at variance with the BUgges- 
tion that the neurotrophic effect* of gajogliosidee are medi- 
ated through activation of Trk receptors (Ferrari et al 1995* 
Rabin and Mocchetti. 1995), but fits with recent suggestions' 
that these effects may be mediated through activation of the 
extracellular eignal-regulated kinase subgroup of mitogen- 
achvated protein kinase. p70 S6 kinase, or Src family ty- 
rosine kinase Lyn (Kasahara et aL, 1997; Van Brocklyn et al 
1997). 

The failure of GMl to attenuate NMDA- or kainate- in- 
duced excitotoxic neuronal death in the present experiments 
contrasts with other studies that have observed antiexrito- 
toxic effects of gangliosides in cerebellar and cortical cell 
cultures (Vaccarino et al., 1987; Dawson at al.. 1995). Al- 
though further experiments will be needed to establish the 
basis for these differences, as a working hypothesis we pro- 
pose that programmed cell death may hove played a larger 



Attenuation of Neuronal Apoptosis by Gangllosidee 815 
table 2 

Effect of GMl on neuronal necrosis triggered by txcitotoxins or 
oxidftttvo stress 

CocullUrtfl of ueumnji and gjia CD(V 13-14) were e*f>o»ed to 300 /iM NMDA for 10 
mm, »lon« or efter a 2-h jxreumtmcnt with indicated cooconLrofcUm* of CM1. Sieter 
culture wora eiDoeed to IS mW NMDa. 40 kainate. 30 *M F e >\ or ) mM BS0 
tor 24 h. alone or in the presence of SO fM CM I. Neuronal death wej analyzed 24 h 
later by meuurin* LDH offlvu fn the hauunff media, moan = S.E. (n - 6 to 12 
euhurw per conduce). .<^J«i to the mean LDlH ^Juc corrocpnndittf to near- 
eoinp ou neuronal death induced orW omunuoua axpooux* to £00 mM NMDA for 
« M*> jOOI). 



Conditions 



Neuronal Death 





% 


NMDA, 300 mM 




Alone 


<3-7 


+ GMl 




10 >xM 


37 = 7 


50 mM 


<18 ^ 10 


200 fiM 


46^5 


NMQA, 15 


AJone 


23 = 3 


-t- CM1. 50 mM 


24 ± 5 


Kainate, 40 jiM 




Alone 


48 r 3 


+ GMl, 60 mM 


60 r 3 


Fe»- r 30 M M 




AJone 


19 x 9 


GMl. 50 fiM 


d9 ± 8* 


BSO. 1 mM 




AJone 


7 = 1 


-*- GMl, 50 nM 


30 - 3* 



06. unuiy ANOVA and SVudonl^Newnum-Kwla' t«at. 

role in excitotoxicity in the other systems, compared with our 
system, and that the beneficial effect of gangliosides may 
primarily reflect attenuation of this programmed cell death. 
Several authors have emphasiied that neuronal apoptosis 
can occur after glutamate receptor overactive tion (Ankarc- 
rona et al., 1995; Portera-Cailliau et el., 1996). As noted 
above, factors such as developmental age and insult intensity 
influence the extent to which programmed cell death contrib- 
utes to excitotoxicity, with immaturity and lower insult lev- 
els (and perhaps in particular the nonreceptor-mediated form 
of glutamate toxicity reflecting reduced cysteine uptake; Miy- 
amoto et a]., 1989), favoring this contribution. In support of 
this, treatment with glutamate can induce apoptosis in very 
young CDIV 3-4) cultured cortical neurons (Kure et al., 1991), 
but predominantly necrosis in older cultured cortical neurons 
CGwag et al., 1997; Sohn et al.. 1998). 

Although gangliosides have been proposed as neuroprotec- 
tive agents capable of reducing brain or spinal cord damage 
in several disease condition, the present study raises the 
possibility that these drugs may be of neuroprotective value 
only in conditions where apoptosis is prominent, and raises 
the caution that ganglioaides may even be deleterious in 
conditions where free radical-mediated necrosis is promi- 
nent. 
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